).
Cancer therapy has traditionally relied on cytotoxic treatment strategies on the assumption that complete cellular destruction of tumors optimizes the potential for patient survival. This view has limited the treatment options that oncologists have at their disposal to toxic compounds and high dose radiation. These approaches may produce complete cell death within a solid tumor and can cause severe side effects in patients. Such cancers often develop resistance to treatment and recur or progress to advanced primary and metastatic tumors. An alternative strategy is the induction of cytostasis, which permanently disables the proliferative capacity of cells without inducing cancer cell death. Initial clinical studies utilizing cytostatic treatments have yielded promising preliminary results (1-3), suggesting that these treatments may be as effective as cytotoxic therapies in preventing continued tumor growth. This approach to treatment could provide equivalent or prolonged survival with fewer and less severe side effects related to cytotoxicity and may provide a more realistic goal for the chronic management of some cancers.
A promising approach to induction of cytostasis in tumor cells is therapy-induced senescence (TIS) (4) . Replicative senescence was first observed in vitro in primary cells after extensive culture and replicative exhaustion linked to telomere shortening (5, 6) . More recently, DNA damage, increased oncogenic signaling, and oxidative stress have been found to result in induced or accelerated senescence (7) . Senescent cells remain viable and metabolically active but are permanently growth arrested (7) . In contrast to cells undergoing apoptosis or mitotic catastrophe in response to conventional cytotoxic drugs, senescent cells may persist indefinitely. Growth arrest is achieved and maintained in either the G1 or G2/M stage of the cell cycle, in part, by the increased expression of specific cyclin-dependent kinase inhibitors (CDKIs), including p16
Ink4a (CDKN2A), p21 Waf1 (CDKN1A, CIP1), and p27 Kip1 (CDKN1B) (8) . Transformed neoplastic cells that lack senescence-associated tumor suppressors present in nontransformed cells, including genes such as p53 and retinoblastoma protein (Rb,RB1), retain the capacity to become senescent when exposed to certain stresses, including those generated by select anticancer agents and ionizing radiation (9) (10) (11) . Cultured in vitro, senescent cells develop a distinct and recognizable flattened and enlarged morphology with a prominent nucleus and increased cytoplasmic granularity. Most notably, these cells can be visualized with a staining technique that is a widely accepted and used marker, senescence-associated b-galactosidase (SA-b-gal) activity (12) , which stains the perinuclear compartment blue (Figure 1) .
It has been shown that senescence-associated mechanisms prevent cells from proliferating indefinitely in vitro and that immortalization circumvents this tumor suppressor mechanism (7). Oncogene-induced senescence has been identified in nonmalignant human tissues as one mechanism of senescence tumor suppression (14) . Benign melanocytic nevi (ie, skin moles) result from the increased activity of the mutant oncogene v-raf murine sarcoma viral oncogene homolog B1 (BRAF). After increased proliferation and growth, melanocytes arrest, increase the expression of p16 Ink4a , and stain positive for SA-b-gal (14) . Increased expression of CDKI proteins and increased SA-b-gal staining are also observed in lung adenomas, but not in adenocarcinomas, suggesting that senescence suppresses malignant transformation (15) . Senescence has also been identified in cases of more extensive benign prostatic hyperplasia and premalignant prostatic intraepithelial neoplasia (16, 17) . These data suggest that senescence may be an endogenous barrier to malignant transformation and that senescence in tumors may indicate a more benign or favorable outcome.
REVIEW

Therapy-Induced Senescence in Cancer
It is of clinical interest that transformed cancer cells can be induced to a similar senescent state in vitro and in vivo with specific conventional anticancer treatments. TIS has been identified in tumors after radiation or genotoxic chemotherapy (10, 18, 19) , although it occurs only in a subset of the treated cells. As a therapeutic goal, TIS may provide an effective means to induce a persistent growth inhibitory response in both early-and late-stage cancers while limiting toxicity. Experimental evidence indicates that there are benefits to the induction of senescence in immunocompetent patients (20, 21) . Moreover, evidence suggests that TIS may function as a "back-up" response to therapy in cancer cells in which apoptotic pathways are disabled (20) .
In this review, we discuss current information on treatments that induce senescence in cancer cells and the molecular pathways that regulate these events. Markers and other characteristics by which cellular senescence may be identified in tissue samples, and their potential prognostic uses, are addressed.
The Genetics of Senescence Induction
The antagonistic relationship between senescence and oncogenic transformation is central to tumor suppression induced by both endogenous processes and as part of a treatment strategy. In the 1980s, early genetic studies of senescence were performed by fusing mortal cells, which retain the capacity to become replicatively senescent, and immortalized transformed cells that do not (22) (23) (24) (25) . This fusion resulted in cells with limited replicative capacity, suggesting that immortalization occurs by "turning off" or bypassing senescence-inducing genes and pathways and that active processes are replaced or re-engaged to induce senescence in the hybrids. In a series of elegant experiments, Pereira-Smith and Smith (23) found that fusion of specific cancer cell lines results in mortal hybrids and that these cells could be placed into one of the four genetic complementation groups (24) . Importantly, these experiments suggest that four genetic pathways regulate senescence and that only one deficient process needs replacement to reactivate senescence in cancer cells (24) .
Although the identity of these molecular pathways has yet to be completely defined, several chromosomes and distinct genes have been found to induce senescence when reintroduced into cancer cell lines that have necessarily bypassed or inactivated senescence (Table 1) . Several of these genes, including p53 and Rb, have known growth inhibitory functions (4, 5, 42) . Cells with functional Rb and p53 appear more sensitive to stress and oncogene activities that stimulate senescence (7, 43) . However, it is noteworthy from a therapeutic standpoint that cancer cells lacking functional Rb, p53, and other tumor suppressors retain the capacity for TIS. In SAOS-2 osteosarcoma and DU145 prostate cancer cells, both lacking Rb and p53, doxorubicin induced senescence in more than 50% of cells in vitro (9, 11) . A comparison of TIS in cancer cells containing functional p53 or a homozygous knockout demonstrated similar robust responses, indicating limited p53 dependence in drug-induced senescence (44, 45) . These p53/ pRb-independent pathways involve stress-and damage response signaling mechanisms that sense damage and directly affect transcription without the direct involvement of these classic tumor suppressor genes.
Several genes, not necessarily related to p53 and Rb, are active during senescence and induce senescence when overexpressed in cancer cell lines. These genes include the CDKIs p16
Ink4a
, p21 Waf1/Cip1 , and p27
Kip1 (5, 8) . We have demonstrated in prostate epithelial and urothelial cells that p21
Waf1/Cip1 appears more important in the cell cycle arrest associated with early senescence, whereas p16
Ink4a is more important to maintaining this phenotype (46) . The p53-related proteins p63 and p73 also regulate senescence induction by mechanisms similar to those of p53 (4, (47) (48) (49) . Tumor cell senescence has been induced by insulinlike growth factor-binding protein-related protein 1 (IGFBP-rP1), a member of the insulinlike growth factor (IGF) protein family (40) . Other IGF members are overexpressed during senescence (eg, IGFBP3, IGFBP5, and IGFBP7), suggesting an important role in regulating both proliferation and senescence (41, 50, 51) . Suppressing apoptosis by expression of the pro-survival gene B-cell CLL/lymphoma 2 (BCL2) during chemotherapy has also been found to induce senescence, dependent on p27
Kip1 expression (20, 52) . These studies suggest that an intricate balance exists among proliferation, apoptosis, and senescence, which could be exploited therapeutically.
Timing and Mechanisms of Senescence Induction in Cancer Cells
Known drugs and other therapies that induce senescence typically take several days for the full TIS phenotype to develop, in contrast to the rapid activation of apoptotic processes that commit a cell to apoptotic destruction within 24 hours. Senescence, both in vitro and in vivo, does not fully develop its characteristic expression of Figure 1 . Proliferating and drug-induced senescent PC3 prostate cancer cells. Senescent cancer cells exhibit the characteristic morphology and increased SA-b-gal activity seen in replicative senescent cells. PC3 cells were cultured in drugfree medium or in medium containing 250 nM quinone diaziquone for 3 days followed by 2 days in drug-free medium (13) , fixing, and staining (12) . Cells were visualized under ×200 magnification using phase contrast microscopy. Scale bar = 100 µm; SA-b-gal = senescence-associated b-galactosidase.
SA-b-gal and morphology for 3-7 days after exposure to an agent (7, 9, 11, 19) . However, knockout of p53 appears only to delay senescence rather than abrogate the TIS response in cancer cells (44, 45) . Senescence requires that cells sense damage and respond with active changes in gene expression, which mediate the development of the characteristic senescent phenotype (53) .
The cellular decision between apoptosis and senescence is dependent, in part, on the magnitude of stress to which cancer cells are exposed. Lower levels of damage may trigger senescenceassociated antiproliferative responses without activating the cascades of caspase activity that commit the cell to apoptosis (9) . In prostate cancer cell lines, 250 nM dosing of doxorubicin generates apoptosis, whereas lower 25 nM doses induce TIS (11, 13) . Although similar stresses can induce both apoptosis and senescence, these pathways diverge, and the regulation of these processes is distinct. Studies show that senescence results when apoptosis is blocked by the overexpression of BCL2 or the inhibition of caspases (20, 52, 54) . These data imply that the point at which these pathways diverge occurs upstream from caspase activation. Identification and characterization of this regulatory nodal point is an area of active research interest.
The senescence response of cancer cells to select drugs with specific identified targets has resulted in many of these pathways being implicated in TIS. Many senescence-inducing drugs generate DNA damage to produce single-and double-strand breaks, highlighting the close relationship between senescence and genomic stress. In oncogene-induced senescence and replicative senescence, DNA damage response pathways play a central role functioning through ataxia telangiectasia-mutated (ATM), ataxia telangiectasia and Rad3-related (ATR), and checkpoint homologs 1 and 2 (Chk1 and Chk2) activity and the CDKN2A/p16
Ink4a /p19 ARF tumor suppressor (55, 56) . Aspects of this DNA checkpoint response appear to play a role in TIS. Recently, senescence was induced in cancer cells, regardless of p53 status, by targeting the mitosis-regulating Aurora kinase A using small molecule inhibitors (28) . Other agents induce senescence through mechanisms that alter DNA structure and function. These agents include the DNA methyltransferase inhibitor 5-azacytidine, which inhibits DNA methylation, and Sirtinol, a histone DNA acetylase inhibitor that alters normal chromatin structure. DU145 and LNCaP cancer cells cultured continuously in 400 nM 5-azacytidine become senescent within 7 days, whereas MCF7 breast and H1299 lung cancer cells become senescent within 10 days after a 24-hour exposure to 100 nM Sirtinol (11, 57) .
Stress signaling through the p38 (mitogen-activated protein kinase 14, MAPK14), c-JUN N-terminal kinase (MAPK8), and extracellular signal-regulated kinase (MAPK1) pathways occurs in oncogene-induced senescence and replicative senescence, although this has not been widely investigated in TIS (42, 55, 58) . Recently, senescence-inducing compounds that target proteins not closely associated with TIS have been identified (59, 60) . The diterpene esters TPA, PEP005, and PEP008 have been shown to induce senescence through the activation of protein kinase C isoforms and MAPKs (59, 60) . Senescence may occur either as a direct result of increased protein kinase C signaling activity or because of genomic stress that results from pro-mitotic signaling, but these issues have not been thoroughly investigated. * CXCR2 = chemokine (C-X-C motif) receptor 2; IL-6 = interleukin 6; IGFBP-rP1= insulinlike growth factor-binding protein-related protein 1; IGFBP7 = insulinlike growth factor-binding protein 7; MAP2K6 = mitogen-activated protein kinase kinase 6; OPA1= optic atrophy 1; p38 = mitogen-activated protein kinase 14; p21
Waf1/ Cip1 = CDKN1A/cyclin-dependent kinase inhibitor 1A; p16 Ink4a = CDKN2A/cyclin-dependent kinase inhibitor 2a; p57 Kip2 = cyclin-dependent kinase inhibitor 1C; p15
Ink4b
= cyclin-dependent kinase inhibitor 2B; PTEN = phosphatase and tensin homolog; Raf1 = raf-1 murine leukemia viral oncogene homolog 1; Rb = retinoblastoma protein; Skp2 = S-phase kinase-associated protein 2. † Senescence-inducing activity shown to be dependent or independent of intact p53 function, denoted by (+). Blank means undetermined.
Increased intracellular reactive oxygen species are closely associated with senescence induction in both normal and immortal cells by causing DNA, lipid, and protein damage (61) . The Zn 2+ ionophore pyrithione generates oxidative stress inducing growth arrest and senescence (13, 62) . Recently, TIS was also induced in cancer cells in mouse models and human xenografts exposed to the phosphatase and tensin homolog (PTEN) inhibitor VO-OHpic, but only in PTEN hemizygous cells (29) . This suggests the possibility that some cancers may be conditionally susceptible to TIS by compounds affecting particular stress-signaling responses. In addition, this induction of TIS occurred independently of DNA damage and DNA damage response signaling (29) . TIS was also achieved in cancers by targeting S phase kinase-associated protein 2 (Skp2) expression dependent on the presence of "oncogenic stress" that results from PTEN or p19 ARF mutation, independently of p53 and DNA damage response signaling (30) . With recent evidence demonstrating that senescence-inducing DNA damage response signaling may be uncoupled from DNA damage (63), TIS may be achieved either by inducing direct damage or by targeting events that regulate the damage response.
Agents Capable of Inducing Senescence in Cancer
Observations that some tumor cells can be forced into senescence by agents used in the management of human cancers are of clinical interest ( Table 2 ). These findings indicate that many cancer cells possess intact, but silenced, signaling pathways that can be manipulated to stimulate senescence. This ability of tumor cells to undergo senescence in response to stress and damage has been noted with both radiation and chemotherapeutic drugs (4,10). When equitoxic levels of different agents were applied to HT1080 fibrosarcoma cells in vitro, the strongest induction of the senescent phenotype (>50% senescent based on SA b-gal and cell cycle analysis) was seen with the DNA-interactive agents, doxorubicin and cisplatin (9) . Lesser responses were observed with ionizing radiation and etoposide and the lowest were observed with the microtubule-targeting drugs docetaxel and vincristine, which typically induce mitotic catastrophe. Furthermore, drugs such as doxorubicin induced senescence in numerous cancer cell lines, including those lacking p53 and p21
Waf1/Cip1 (9, 44) . We have shown that prostate cancer cell lines express different CDKIs at senescence when compared with primary prostate epithelial cells, suggesting that compensatory mechanisms are involved in cancer cell senescence (46) . Whereas many drugs are inefficient in inducing senescence, in which case senescence occurs in only a subset of treated cells, these results suggest that damage responses that signal senescence remain competent in cancers lacking major tumor suppressors.
A limiting factor in the identification of new compounds that induce senescence efficiently has been the lack of methods to rapidly screen compounds and small molecules. Until recently, the senescence-inducing activity of compounds was evaluated individually in a time-intensive and focused manner. In response to this lack of screening techniques for senescence, our laboratory developed a method for screening small molecule and other compound libraries for senescence activity using a robotic fluid handler and plate reader (13) . This whole cell assay is based on identifying several characteristics of senescent cells, including the development of permanent growth arrest, characteristic senescent morphology, and positive SA-b-gal staining. This method was used to screen a 4160 compound library of known bioactive compounds and natural products at a 10-µM dose. Of the four most effective novel compounds identified, the quinone diaziquone (AZQ) had been previously found to induce tumor stasis in experimental solid tumor models in the 1980s but was not pursued further because of the lack of tumor regression (72, 73) . Postulated mechanisms for these drugs include DNA damage and oxidative stress, as well as novel approaches including post-translational modifications involved in proteolytic processing and kinase signaling. Further library screening should permit the identification of additional senescence-inducing agents as well as provide additional tools to understand the molecular basis for this response. Notably, senescence has been identified in patient tumors removed after genotoxic treatments. Areas of increased SA-b-gal staining were observed in 41% of breast tumors after treatment with a regimen of cyclophosphamide, doxorubicin, and 5-fluorouracil (19) . This staining was confined to tumor cells, with no detection in normal tissues. Senescence markers have also been observed in lung tumors after treatment with carboplatin and docetaxel (18) . Despite the relative inefficiency of these regimens for inducing senescence, these studies suggest that senescence may be a more prevalent tumor response to current anticancer therapy than previously realized (18, 19) .
Cellular Senescence: Friend or Foe?
TIS in tumor cells induces several features that may be beneficial to the treatment of cancer. Importantly, senescence stimulates a persistent terminal growth arrest. Cells remain viable but are typically arrested at the G1 or G2/M phases of the cell cycle and fail to proceed even after mitogen stimulation (7), in part, because of the increased expression of one or more cyclin-dependent kinase inhibitors including p16 , and p27
Kip1 (8) . These cells may persist indefinitely in a stable state even in vivo. Senescent melanocytes have been identified in benign nevi that remain indolent for years (14) . We have recently demonstrated the persistence of a subset of senescent prostate cancer cells at least 6 weeks after the establishment of xenografts with doxorubicin-induced senescent prostate cancer cells (74) . In vivo, senescent cells may survive over prolonged periods but may become nonviable and undergo phagocytosis. The enrichment of lysosomal b-galactosidase activity with the development of the senescent phenotype suggests that some senescent cells may eventually undergo autophagy (75) .
The presence of senescence in tumor cells can stimulate an immune response. In human melanoma cells co-expressing mutants of neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS) and v-raf murine sarcoma viral oncogene homolog B1 (BRAF), senescence increased susceptibility to cell-mediated cytotoxicity in vitro by lymphokine-activated killer cells (76) . This response was also observed in a mouse hepatocarcinoma model in which the conditional expression of functional p53 induced senescence resulting in tumor regression (21) . This response may be instrumental in the prolonged survival found in a mouse lymphoma model in which senescence was induced by chemotherapy and BCL2 expression (20) . However, this benefit has yet to be specifically investigated in TIS tumor models.
The observation that lower concentrations of active drugs induce senescence suggests another potential benefit of TIS. We recently screened a series of concentrations of doxorubicin, 5-azacytidine, and docetaxel for their ability to generate senescence (11) . At lower doses, the senescent phenotype was predominant, albeit inefficient, in inducing senescence in most prostate cancer cell lines. Higher doses that lead to elevated DNA damage and stress are associated with a more pronounced apoptotic response (11) , suggesting that the induction of senescence in tumors may be achieved with lower drug doses and, especially if administered chronically, may potentially limit treatment-related toxic side effects.
Other features associated with senescence have generated concern for oncologists. One is the idea that senescence may be a reversible process, at least in fibroblasts, if proteins involved in its maintenance are lost. The overexpression of simian virus 40 large T-antigen protein or the forced inactivation/underexpression of p53 and p16
Ink4a results in proliferation in senescent fibroblasts (43, 77) . However, these induced cells had a limited proliferative capacity, undergoing only a few cell divisions before becoming apoptotic. Notably, whether drug-induced senescence is a reversible process has not been addressed experimentally. However, it appears unlikely that the expression of proteins that block proliferation, notably the CDKIs, and the extensive changes in nuclear structure shown to maintain senescence could be reversed in senescent tumors.
Senescence in fibroblasts may result in the resistance of these cells to programmed cell death. Senescent fibroblasts resist the apoptotic effects of serum starvation (78) and hydrogen peroxide (79) . However, senescent human umbilical vascular endothelial cells are more prone to apoptosis than fibroblasts, suggesting that this phenomenon is cell type specific (80). DeJesus et al. (81) found that proapoptotic signaling via ceramide and tumor necrosis factor-a is interrupted in senescent fibroblasts and may be a mechanism by which apoptosis is avoided in these cells. To date, the resistance of TIS cells to apoptosis has not been clearly addressed.
Studies in aging have suggested an association between agerelated senescence and the promotion of carcinogenesis in surrounding tissues (82) . Senescent fibroblasts secrete characteristic proinflammatory immune cytokines, including interleukin (IL)-6 and IL-8, which have the potential to promote bystander cell proliferation and may account for the development of some age-related cancers (70) . Although secretion of these cytokines may mediate senescence-related effects of aging, the relevance of this phenomenon to treatment-induced senescence in cancers is unclear. Evidence suggests that secreted factors may prove to be a benefit in the context of TIS. Studies have shown that IGFBP7, IL-6, and IL-8 secreted by senescent cells stimulate autocrine signaling loops that are required to reinforce and maintain senescence induction (41, 39) . Additional autocrine factors regulating this process are likely to be identified, some of which may be involved in TIS. Secreted inflammatory factors also likely facilitate the cell-mediated tumor clearance observed after senescence induction in a mouse hepatocarcinoma model (21) . We and other researchers have demonstrated that senescent gene expression patterns, although similar, vary markedly among fibroblasts, epithelial cells, and cancer cells (50, 70, 74, 83) , implying that each cell type may secrete specific factors with different effects on bystander cells.
Recently, we examined the effect of doxorubicin-induced senescent prostate cancer cells on the growth of surrounding proliferating cancer cells (74) . In a series of experiments, we demonstrated that over time tumor growth was not affected by increasing numbers of senescent cells and that the proliferation rate of bystander cancer cells was not increased (84) . Also, an antiproliferative effect was observed in vitro using MCF7 breast cancer cells induced to senescence by doxorubicin (84) . Recent in vivo studies of TIS using drugs targeting PTEN, Aurora kinase A, and SKP2 activities in tumor models did not report complications resulting from bystander proliferation (28) (29) (30) . Finally, one of the most notable findings suggesting that senescent cells have no impact on proliferation in situ is the observation that benign nevi containing senescent cells persist chronically for years, yet remain uniformly nonmalignant and stable (14) . The effects of senescence on bystander cell proliferation remain an area of debate. It is possible that the senescent bystander effect in aging tissues requires exposure to surrounding tissues on a timescale of a lifetime to promote oncogenesis, whereas TIS of tumors would occur on a timescale of years and decades. Another distinct possibility is that sarcomas and other non-epithelial-derived cancers may produce a bystander response to TIS that is different from that observed with epithelial tumor models. Ultimately, the effect and consequences of senescence induction as a therapeutic strategy may vary with the cancer type as well as the drug used to induce senescence.
The Identification of Senescence In Vitro and In Vivo
The ability to identify markers associated with senescence is important for the use of this phenotype in clinical practice. Senescence has been routinely identified by staining for SA-b-gal activity (12) , and this has been used as a marker for senescence in aging tissues (12) as well as in tumor tissues after chemotherapy (18, 19) . It has been suggested that this staining may also be induced by transforming growth factor-b signaling independent of senescence, generating concern regarding its specificity (85) . SA-b-gal staining is dependent on increased lysosomal activity and requires fresh or frozen tissue for staining. Thus, this technique is incompatible with many immunohistological techniques routinely used in clinical pathology laboratories, especially with respect to archived tissues. The gene associated with SA-b-gal activity, the lysosomal galactosidase beta-1 (GLB1) is not required for senescence growth arrest and may be uncoupled from senescence in some cancer cell lines (86) . The development of immunohistological methods to detect GLB1 protein expression and localization in paraffin-embedded tissue, although not improving the reliability of this marker, would nonetheless facilitate its use in archival samples.
Although specific senescent biomarkers have yet to be fully developed, senescent cells may be identified on the basis of multiple characteristics (Table 3) . When cells enter senescence, they develop a distinctive morphology, becoming enlarged, flattened, and multinucleated (Figure 1 ). This morphology, however, is most easily identified in vitro and may not be apparent in tissues. Many senescent cells also develop extensive vacuoles in the cytoplasm associated with an increase in cellular complexity. This senescent morphology can be measured by flow cytometry as increased side scatter (4). However, the most important characteristic of senescence is the irreversible loss of cell proliferative capacity. Flow cytometric cell cycle profiling typically shows that the number of cells in S phase decreases and the number in G1 or G2/M increases. In addition, cells become multinucleated, identified by the occurrence of additional 2N and 4N peaks. Taken together, these simple techniques can be used to identify characteristics of senescence in cultured cells.
The analysis of senescence in tissue samples can be more challenging because many of the in vitro techniques are difficult to perform in patient samples, especially those that are paraffin embedded. Several classes of markers that can assist in the identification of senescent cells in tissues have been identified (Table 3) . Senescence-associated heterochromatic foci (SAHF) are condensed regions of heterochromatin that accumulate during senescence (87, 89) . These composite foci contain methylated and deacetylated histones and other associated proteins. SAHF have been used to identify senescence in vitro in fibroblasts and other non-immortalized cells. Widely tested markers in this category include methylation of histone 3 at lysines 9 and 27 and phosphorylation of H2A histone family, member X (g-H2AX), all of which colocalize in SAHF (90) . In cancer, SAHF staining using homolog protein 1 gamma has been used to identify senescence in MCF7 cells (91) . In cancers in which chromatin maintenance is dysregulated, the occurrence and composition of these foci may vary. The utility of these markers to identify senescence in patient tissues is as yet unexplored.
A more promising class of markers include the CDKIs whose increased expression mediates senescence cell cycle arrest (Table  1) . Amplified expression of the CDKIs p16
Ink4a and related Ink4 proteins, p57 Kip2 , p21 Waf1/Cip1 , and notably p27 Kip1 , has been observed in senescent cells and tissues (7, 8) . However, many CDKIs are inactivated during senescence bypass, making them less reliable markers. In cancer, the downregulation of p27 Kip1 and expression of its regulator ubiquitin ligase SKP2 has been identified in prostate and other cancers (92, 93) , as well as in precancerous lesions (17) . In an AKT1 (v-akt murine thymoma viral oncogene homolog 1)-driven murine prostate cancer model, p27
Kip1 is a key checkpoint for senescence (17) . The CDKN1B/p27
Kip1 gene itself is infrequently mutated or deleted in many cancers, suggesting that its induction may represent a more promising marker of senescence.
Senescence is also characterized by a large protein secretory response. This phenotype in fibroblasts and some cancer cells includes proteins involved in IGF signaling (including IGF2 and IGFBPs 3, 5, 6, and 7) (41,44,50,51), immuno-inflammatory cytokines (eg, IL-6, IL-8, and related proteins) (39, 70, 88) and chemokine (C-X-C motif) ligand 14 (BRAK/CXCL14), whose function remains largely undefined (11). IL-8, IGFBP7, and the IL-6 receptor chemokine (C-X-C motif) receptor 2 (CXCR2) have been shown by immunohistochemistry to be expressed in lesions undergoing tumor-suppressive oncogene-induced senescence (39, 41, 88) . The induction of these secreted factors in senescence may potentially serve as serum-based markers for the identification of patients undergoing senescence responses.
We used microarrays to screen a series of genes with increased expression during epithelial senescence for their role as markers of senescence in cancer (11) . In a series of cancer lines using a number of senescence-inducing drugs, transcripts of versican, filamin A-interacting protein 1-like (FILIP1L), and chromosome 5 open reading frame 13/P311 RNA were found to represent specific markers of senescence that are not induced during apoptosis. Changes in mitochondrial architecture may also be used. Mitochondria in proliferating fibroblasts are distinct and small, whereas in senescent cells, mitochondria fuse into elongated and integrated networks (38) . The expression and localization of the integral mitochondrial proteins human fission protein 1 (hFIS1) and optic atrophy 1 (OPA1) regulate these changes and the development of senescence (38) . Finally, the proteins Dec1 (BHLHB2) and DcR1 (TNFRSF10D) have been associated with senescence in noncancer tissues (15) . Although these proteins may be detected by immunohistochemistry, the utility of these potential markers in identifying senescence in fixed patient tumors has yet to be investigated.
Recently, quantitative modeling was used to assess validity of senescence markers in nontransformed cells as they become replicatively senescent (90) . Decreased proliferation of senescent cells was associated with measured increases in SA-b-gal activity and the combined detection of phosphorylated H2A histone family, member X (g-H2AX, H2AFX) and decreased expression of the proliferation marker protein KI-67 (antigen identified by monoclonal antibody Ki-67, MKI67). This pattern of staining predicted the extent of senescence more closely than detection of other senescence-associated markers, individually or in combination. Dual-detection of KI-67 and extensive g-H2AX phosphorylation was also associated with SA-b-gal staining in mouse intestinal crypts. Although these detection methods have not been used with other cell types or other mechanisms to induce senescence, they provide a computational framework for developing and validating senescence biomarkers and for predicting the frequency of markers in senescent tissue.
In summary, the identification of multiple markers in tissues currently provides more reliable evidence for senescence than that provided by a single marker. The most widely used marker of senescence is SA-b-gal, which provides strong evidence for identifying senescence when used in vitro with changes in morphology, increased side scatter, and accumulation in phases G0/G1 and G2/M. Other useful in vitro markers include the CDKIs p21 Waf1 , p16
Ink4a and p27 Kip1 ; versican and FILIP1L; and the increased expression of secreted cytokines. In vivo, SA-b-gal staining in conjunction with CDKI protein induction and other markers of decreased proliferation provide evidence for the presence of senescence.
Clinical Potential for Senescence-Based Tumor Suppression
Therapeutic senescence is a potential mechanism to induce cytostasis in cancer. The goal of this strategy is to inhibit tumor growth rather than to cause regression or ablation. Given various in vitro studies (9, 11) and the effects of retinoic acid (9) and AZQ (our unpublished data) on xenograft tumors, senescence can be achieved by the chronic administration of low doses of senescence-inducing drugs. Effective dosing to achieve senescence will vary with the drug but may involve lower doses than those that generate 
* BrdU = bromo-deoxy-uridine; CXCR2 = chemokine (C-X-C motif) receptor 2; CXCL14 = chemokine (C-X-C motif) ligand 14; DAPI = 4′,6-diamidino-2-phenylindole; DcR2 = tumor necrosis factor receptor superfamily, member 10d, decoy truncated death domain; Dec1 = basic helix-loop-helix family, member e40; Glb1 = lysosomal galactosidase 1; H3K9-methyl 3 = trimethylated histone 3 at lysine 9; HIRA = HIR histone cell cycle regulation defective homolog A; HP1-g = histone protein 1-gamma; hFIS1 = human fission 1 homolog; IGF2 = insulinlike growth factor 2; IGFBP = insulinlike growth factor-binding protein; IHC = immunohistochemistry; IL-6 = interleukin 6; IL-8 = interleukin 8; KI- apoptosis (13) . Notably, tumor models with inactivated apoptotic signaling pathways respond to senescence-inducing drugs, which have been demonstrated to lead to improved survival after chemotherapy in a mouse Eµ-myc lymphoma model (20) .
As with many anticancer approaches, TIS can generate a heterogeneous response in tumors in vivo. Only a subset of cells responds with senescence to current chemotherapeutics in human cancer (18, 19) . Recent data suggest that the expression of cytokines and secreted factors by senescent cancer cells may have an inhibitory effect on the growth of surrounding bystander cells (39, 41, 84, 88) , resulting in inhibitory or growth-neutral tumor effects (21, 74, 84) . Alternatively, this heterogeneous response may have a growth-promoting effect in some situations (7, 82) . With the further identification of precise pathways that regulate senescence and additional specific senescence-inducing agents, we foresee a wider exploitation of this approach in cancer treatment.
Several scenarios can be anticipated for the utilization of senescence in clinical cancer therapy. One is its use in clinically advanced tumors. These cancers frequently contain cells that have bypassed senescence-associated barriers during oncogenic progression (5). However, data from our laboratory and others indicate that even in these advanced cancers, senescence can be induced through use of specific drugs (9, 11) . Tumor tissues may be monitored for changes in size, senescence activity (SA b-gal, p27 Kip1 ), and other markers of proliferation such as KI-67. Given the robust secretory activity of senescent cells, serum markers of senescence (eg, BRAK/CXCL14, IL-8, CSF, and IGFBPs) might be used to measure response.
An alternate use for senescence-inducing compounds would be the treatment of premalignant or early cancers. Research has suggested that cells in the premalignant prostatic lesion, prostatic intraepithelial neoplasia, are frequently senescent, with more than 50% staining positive in four of seven specimens (16, 17) . These findings may represent senescence as tumor suppression. Retinoids are a class of drugs used in chemoprevention and have demonstrated senescence-inducing activity in several cancers (4) . Senescence has also been shown to be triggered in osteosarcoma, colon adenocarcinoma, and skin cancer cell lines by grape seed-derived resveratrol, raising its potential as a chemopreventive agent against these diseases (71, 94, 95) . Further studies are required to determine whether other chemoprevention agents induce senescence. Whether premalignant and early cancer cells are more sensitive to pro-senescent drugs than surrounding normal tissue is unclear.
Senescence markers and characteristics could also be used to assess tumor prognosis. Given that senescent cells display persistent growth arrest, the presence of senescence in a cancer may indicate slower overall tumor growth or decreased metastatic potential. This relationship is illustrated by the identification of senescence markers in nevi, lung adenomas, and other nonmalignant growths, including prostatic intraepithelial neoplasia (14) (15) (16) (17) . Other markers associated with senescence, including p27
Kip1 and p16
Ink4a
, are selectively expressed in cancers, and their presence is associated with improved prognosis and lower probability of relapse after treatment (96) . A similar finding has been demonstrated for IGFBP3 and maspin in prostate and other cancers (11, 44, 97) . Our group and others have noted that a subpopulation within proliferating tumor cell lines (eg, LNCaP, DU145, PC3, MCF7, and HCT116) appear to senesce spontaneously (9, 11, 18) , which may also occur in patient tumors in vivo. Sporadic SA-b-gal staining has been observed in 30% of lung and 20% of breast tumors in untreated control patients, whereas no staining was observed in normal tissues (18, 19) , suggesting that some malignancies can form without bypassing pro-senescent pressure and may have intact senescence machinery, especially in early cancers. These intriguing observations suggest that senescence may provide prognostic data, but further investigation is required.
Conclusions
In the war on cancer, the focus has been on achieving complete cure through tumor eradication. However, tumor cells are typically heterogeneous and adapt rapidly to toxic chemicals and varying environments. Increasing information supports an approach that incorporates the induction of senescence in cancer therapy. Other data suggest that the presence of cancer cells sensitive to therapy may suppress the growth of resistant clones (98) . Furthermore, the obliteration of these sensitive cells using cytotoxic chemotherapy may result in the rapid unchecked proliferation of resistant clones. Approaches designed to maintain a stable tumor volume may actually lead to improved survival (98) .
The therapeutic induction of senescence is a potential means to treat cancer through induction of a persistent cytostatic state in tumors. In many cell types, senescence is an endogenous mechanism to limit the growth of nonmalignant neoplasias. Accumulating data indicate that cancer cells that have bypassed many major tumor suppressor blocks remain sensitive to induced senescence, suggesting that TIS may be widely applicable. Other advantages of senescence include cytostasis, low toxicity-related side effects, and immune stimulation. The finding of endogenous senescence in some premalignant lesions and cancers may have favorable implications with regard to tumor biology and prognosis. Some hurdles still remain, including development of robust senescence-inducing agents, identification of more reliable markers, and continued investigations of the biological implications of senescence in tumors.
Cancer therapy to date has focused on complete eradication at the expense of treatment-related complications. TIS may lead to chronic tumors that allow patients to maintain quality and quantity of life. Given the expected increase in cancer with the aging population, we need to consider senescence as part of our armamentarium to treat cancer patients as effectively as possible while maintaining the quality of their lives.
